Positive interactions are widely recognized as playing a major role in the organization of 2 community structure and diversity. As such, recent theoretical and empirical works have 3 revealed the significant contribution of positive interactions in shaping species' 4 geographical distributions, particularly in harsh abiotic conditions. In this report, we 5 explore the joint influence of local dispersal and an environmental gradient on the spatial 6 distribution, structure and function of communities containing positive interactions. 7
shown that, even along a smooth gradient of environmental stress, species composition 1 can change abruptly whereby mutualists and competitors dominate different zones of the 2 landscape that differ in extent and location depending on whether mutualism improves 3 chances of survival or reproduction (Travis et al. 2006) . 4 
5
While these prior theoretical efforts have greatly improved our understanding of the 6 correlation between environmental conditions, interspecific interactions and species ' 7 spatial distributions, most of the models were limited to representing the dynamics of 8 single pairs of associated species being either mutualists or competitors. However, 9 species rarely coexist in isolated pairs. Natural communities usually form a complex web 10 of many interacting species which are linked to each other through a wide range of 11 possible interactions (Wootton 1994; Polis and Strong 1996) . Moreover, mutualism is not 12 restricted to pairwise interactions between two species since communities may contain species is likely to be non-intuitive in multi-species assemblages. 17 
18
In this report, we extend previous two-species models to investigate the relationship 19
The metacommunity model employed is a spatial generalization of an individual-based 1 community model conceived by Rikvold one-to-one correspondence between phenotype and genotype in this model). The 13 individuals interact locally with other species of their community through a random 14 interaction matrix J, the elements of which will be described later. They reproduce 15 asexually, and their offspring may undergo mutation with a small but fixed probability. 16 Each community is open to the spontaneous arrival of newly introduced species via 17 evolution and to migration from and to neighboring communities. Not all potential 18 The elements ij J of the interaction matrix represent the effect of species j on species i. It 9 is thus a measure of the biological interaction between the two species which is not 10 restricted to direct trophic interactions and hence does not express an energetic link. If 11 both elements Jij and Jji are negative, the two species are in competition. If they are both 12 positive, the species are mutualistic partners. Finally, if they have opposite signs, one 13 species benefits at the expense of the other species (as in parasitism or predation). We 14 will call the latter interaction "exploitation". Intra-species interactions have been set to 15 zero, Jii = 0, to emphasize the dynamics resulting from interspecific interactions. The off-16 diagonal elements are fully connected, uncorrelated and their distribution is triangular, 17 centered on 0 and randomly distributed between -1 and 1 ( fig. 6b ; also see appendix B for 18
The function ( , , ) i x y t measures the impact of the local community at (x,y) on species i 1 at generation t, and is given by: 2 biomass (or total abundance) and 0 ( , ) N x y is the carrying capacity of the community at 7 (x,y). The sum over j in the first term represents the effects on species i by the other 8 species, j, through the elements of the interaction matrix, Jij. One must see the system as 9 one in which energetic resources are abundant, although not explicitly represented in eq. 10 (3). For example, even if there is no direct food supply in this system, it is possible for a 11 single-species population to survive. The local total biomass ( , , ) N x y t is limited by the 12 abiotic constraint 0 ( , ) N x y which expresses a non-energetic limitation such as the 13 availability of space. While for simplicity we assume that the carrying capacity reduces 14 the reproduction probability of each species of a given community in the same manner, 15 some species might be less affected than others depending on the nature and strength of 16 their interspecific interactions. For large positive ( , , ) i x y t the local conditions at ( , )
x y 17 are favorable to species i, and its individuals almost certainly reproduce. individuals who do not are removed from their community (they die). The model does not 3 assume mass-balance and the total biomass, at the local and regional scales, is allowed to 4 fluctuate stochastically through the individual-based dynamics. Nevertheless, the total 5 biomass does not grow unbounded since it is constrained by the carrying 6 capacity 0 ( , ) N x y . 7 8
Mutation 9
Offspring produced during reproduction may undergo mutation, whereby each bit of their 10 "genome" can switch from -1 to 1 or inversely with a small probability pmut. In this 11 process the offspring "genome" may become distinct from the one inherited by its parent. 12
If this is the case, the mutant either enters the community in the form of a new species or 13 adds to the abundance of another existing species. In both instances, the offspring 14 acquires a new set of interspecific interactions. Because there are no correlations between 15 changes in a species' "genome" and the resulting changes in its interspecies interactions, 16 mutation is not interpreted as part of a biological evolutionary process but mimics the 17 spontaneous introduction of a new individual in a community assembly process. It 18 differs, however, from immigration (see below) in that the possible mutants in a 19 particular community are limited to genotypic neighbors of the locally existing species. 20
Dispersal is an inter-community process. We motivate the process of dispersal in this 1 model by the fact that for many non-sessile organisms dispersal is a means to improve 2 their intrinsic condition based on factors such as local population size, resource was determined by a stability analysis of the fixed points of the non-spatial model in the 10 limit where the mutation probability is zero (Rikvold and Zia 2003) . Note that in this 11 limit, when the system is composed of a single species, the non-spatial model becomes 12 equivalent to a logistic growth model, and hence a variety of dynamical behaviors are 13 possible. We require that perturbations of the population size away from this single-14 species fixed point should decrease monotonically and not in an oscillatory or chaotic 15 fashion. This ensures that any non-trivial behavior of the model necessarily results from 16 the interactions among the species. This restriction translates to the condition 17 2~4. 5 F , from which we chose F = 4. Finally, the chosen value for the probability of 18 mutation, pmut, is sufficiently small so as to be inferior to the error threshold (Eigen 1971; 19 Eigen et al. 1988 ). This choice guarantees that the generated population of individuals at 20 each site is constrained to a few species and does not consist of a broad configuration 21 spanning the PSP in a random diffused manner (di Collobiano et al.
2003). 22
We initially assign a population of 100 individuals to one species chosen at random for 1 each site of the landscape. However, the model's dynamics is independent of the initial 
12
We found that for low dispersal rates below the transition, communities are almost 13 isolated from each other due to the infrequent exchanges of individuals. As a result, 14 species coexistence is poor locally but rich regionally because most quasi-stable 15 communities on the landscape exhibit distinct assemblages of species ( fig. 1a) . With the 16 increase in the dispersal rate, neighbor communities start exchanging species of low local 17 reproduction probability, which improves the chance of survival of those species and 18 hence enhances local diversity. As the dispersal rate reaches the critical threshold the 19 local diversity rises abruptly at the expense of the regional diversity which drops as the 20 metacommunity becomes increasingly uniform in its species content (fig 1a) . This 21 increased similarity amongst communities can be seen by the Shannon beta diversity, 22 defined as (Lande 1996 , Jost 2006 ), dropping to zero above the transition. 23
Hence, the regional ( ) and average local ( ) Shannon diversities become equivalent, 1 indicating that the metacommunity operates as one single large community for high 2 dispersal rates. does not depend on species density, we expect that a crossover between the low and high 11 diversity regimes would also occur, but that the details of the transition may differ. 12 
13
We found that species-poor communities at low spatial interconnectedness self-organized 14 into an interaction web presenting a high fraction of mutualistic interaction pairs ( figure  15 1b; the calculation to find the number of interacting pairs will be explained later). On the 16 other hand, species-rich communities at high spatial interconnectedness have an 17 interaction web supporting a wider diversity of interspecific interactions ( fig. 1b) . 18 19 
Impact of the carrying capacity 20
The carrying capacity in this model affects the local communities in two significant ways: 21 the number of species which can coexist in a given community and the total population 22 size. As we will show, varying the carrying capacity across the landscape thus has non-23 trivial effects on the change of diversity and structure of the communities with dispersal 1 rates. For simplicity, in the analysis that follows we demonstrate these effects on three 2 typical dispersal rates: pd = 0.0 (below the transition), pd = 0.22 (at the transition) and pd 3 = 1.0 (above the transition). The metacommunity properties as a function of carrying 4 capacities will be presented by averaging over communities of identical carrying 5 capacity. We start by illustrating the spatial distribution along the environmental gradient 6 of the metacommunity properties discussed above. Figure 2 gives snapshots of the 7
Shannon diversity and fraction of mutualistic interaction pairs at a given moment during a 8 simulation run of the. Throughout this section we will refer to this figure since it displays 9 the spatial aspect of the presented averaged properties. 10 
11
Diversity patterns along the gradient 12 fig. 2c ). However, we observe that contrary to species richness, Shannon diversity 20 decreases with carrying capacity at high dispersal rates. This behaviour, as we will 21 explain, can be understood by the change in species abundance distributions with 22 dispersal rates and carrying capacities. 23 1 At pd = 0.22, the transition from isolated communities of low diversity to rich and similar 2 communities, does not proceed uniformly on all sites of the landscape. Indeed, we note 3 that at this point while local diversity increases on all communities of the landscape (fig.  4 3a), the communities with carrying capacity lower than about N0 1500, which have 5 lower diversity, are subjected to a higher relative increase in species richness than 6 communities with larger carrying capacity (approximately 70% in the former and 40% in 7 the latter). In a way, for that intermediate value of the dispersal rate, half of the landscape 8 (constituted of communities of low N0) has entered the species-rich phase while the other 9
half (with communities of high N0) is still in the species-poor phase ( fig. 2b) . Hence, the 10 transition proceeds in a wave-like manner along the carrying capacity gradient, affecting 11 first the communities of low N0 and then the richer communities of higher N0 as pd 12 continues to increase (see inset of fig. 3a where the local diversity at pd = 0.2, 0.21 and 13 0.22 has been represented). This is an important difference from the homogeneous case 14 we have previously examined where the transition was sharp, affecting all communities 15 of the landscape at the same dispersal rate. Hence the environmental gradient attenuates 16 the severity of the transition. 17 
18
The sampling of the PSP at low dispersal rates, which produces communities with 19 spatially uncoupled dynamics, and at high dispersal rates, which produces communities 20 with coupled dynamics, favors assemblages of species with different distributions of 21 abundances ( fig. 4) . At low dispersal rates, a typical community is formed of a core of 2 22 . 3a) . 17 

Community structure 19
We explore the structure of a community's interaction web by considering the sub-web 20 containing the most abundant species and disregarding the rarer species (with abundances 21 lower than 8 individuals). We investigate the structure of the interaction sub-webs as a 22 function of the local carrying capacity by counting the fraction of interaction pairs of 23 each possible sign combination for each community: (+,+) for mutualistic pairs, (+,−) for 1 exploitative pairs and (−,−) for competitive pairs. mutualism with the increase in carrying capacity ( fig. 5a ). We can also see this small 10 reduction in the spatial distribution of the fraction of mutualistic pairs ( fig. 2d) . 11
12
At pd = 0.22 during the transition (grey diamonds), the average fraction of mutualistic 13 pairs varies in a peculiar fashion along the carrying capacity gradient ( fig. 5a and fig. 2e ) 14 in a way that seems to follow the changes in local diversity ( fig. 3a-inset and fig. 2b ). We 15 observe that the fraction of exploitative ( fig. 5b ) and competitive pairs ( fig. 5c) follows  16 the inverse trend. The fraction of mutualistic pairs decreases in every community of the 17 landscape following the increase in diversity due to local migration. The decrease is 18 stronger for communities of carrying capacity lower than N0 1500 which are subjected 19 to a higher relative increase in species richness. However, for communities of carrying 20 capacity ranging from approximately N0 1500 to 3000, the fraction of mutualistic pairs 21 is only slightly lower than at pd = 0.0 and is higher than everywhere else in the landscape 22 (this is clearly visible from the white bands in fig. 2e ). Communities in this zone are at 23 the boundary between communities with distinct species content (N0>3000) and with 1 similar species content (N0<1500). We believe that the flux of individuals coming from 2 communities of lower carrying capacity to communities in this zone is not large enough 3 to homogenize the species content of these communities. On the other hand, the few 4 individuals migrating away from distinct communities toward similar communities are 5 likely to find themselves in habitats where the species assemblage is difficult to invade 6 and hence they will not survive. As a result, the local diversity in the communities of this 7 zone does not increase much along the gradient ( fig. 3a-inset ) and communities conserve 8 their large fraction of mutualistic pairs of interaction. This mechanism does not occur in 9 communities with N0>2500 because their large carrying capacity allows them to 10 accommodate a few immigrants without affecting their community structure. 11
Above the transition at pd = 1.0 (black squares), while mutualism is still the preferred 13 interaction type, its fraction has diminished and is replaced by competition and 14 exploitation ( fig. 5 and fig. 2f ). The saturation in the decrease of the fraction of 15 mutualistic pairs in communities of large carrying capacity seems to parallel the 16 saturation in local species richness ( fig. 3a) . We also note that while increased migration 17 produces a wider variety of interactions, the assemblage of interaction pairs is not 18 random, since if it were, the fractions would be equal to the ones found in the PSP: 0. 
Discussion 9
Our results show that local species coexistence increases in the metacommunity as a 10 result of the increase in habitat carrying capacity ( fig. 3 ) and, in a more drastic manner, as 11 a result of the increase in species dispersal rate ( fig. 1a) . This augmentation of the local 12 diversity has considerable consequences for the structure of the species web of modeled (here and in the models cited above) so as to reduce the reproduction probability 23 (or rate) of the species and hence it seems reasonable that they engender similar effects atthe community level. However, an important difference between these prior studies and 1 ours is that mutualists in our model are never excluded by species with negative 2 interspecific interactions even in domains with favourable environmental conditions. 3
Even if few observations support this prediction (e.g. Barnes and Archer 1996), positive 4 interactions are not necessarily expected to disappear in more clement abiotic conditions. 5
As Brooker and Callaghan (1998) argue, the impact of positive interactions is probably 6 masked in natural systems by the relatively greater impact of competition. fig. 2e and fig. 5a ), thereby creating a 10 boundary between zones of high and low community similarity which both contain a 11 larger fraction of negative interactions. This pattern is a consequence of the community- other's presence. While this can be seen as an unrealistic feature, it creates an 22 advantageous framework to evaluate the conditions in an environmental gradient under 23 which these mutualistic interactions permit the establishment of additional species and 1 contribute to the development of complex webs of species with various interaction types. 2 3 We show that the increase in species dispersal rate and the increase in habitat carrying 4 capacity produce an augmentation of the local species coexistence in the metacommunity 5 and hence permit the creation of species-rich communities. This increase of the local 6 diversity has marked consequences on the structure of the local communities. As local 7 webs accumulate new species, the predominance of strongly interacting mutualistic 8 species decreases and benefits the increase of species participating in weak exploitative 9 and competitive interactions. Liancourt, P., Tielborger, K., Travis, J.M.J., Anthelme, F., Armas, C., Coll, L., 13
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Filled circles depict species having at least one negative interaction with one of the species of the core.
1
